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tial closer to the Lang-Kohn result. The data of
Levinson and Plummer" on normal photoemis-
sion from the Al(100) Fermi level are also cor-
rectly fitted with use of this potential. Thus a
steeper potential is indicated for In than for Al
and this result can explain the different shape of
the surface-plasmon dispersion curves of Al and
In obtained by Krane and Raether. "
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A lattice constant -study of the cubic C15 Ce(ir~Os, „)2 and Ce(Pt„ir, „)2 mixtures at
room temperature reveals anomalous lattice constant versus x behavior. Also the elec-
tron-spin-resonance thermal broadening and g shift of Nd3+ in these compounds are
anomalous but could be correlated with the lattice parameters. This is taken as evidence
for intermediate-valence state in some of the mixtures.
PACS numbers: 76.30.Hc, 61.55.Hg
Cerium and many of its intermetallic compounds
are known to exhibit nonintegral valence. ' ' The
valence or the 4f occupation may change either
continuously or discontinuously by varying the
composition of the materials, "' external pres-
sure, ' or temperature. "Associated with valence
change there are usually large changes in the lat-
tice parameter and magnetic properties. Recent-
ly, concepts such as intermediate valence (1V) or
interconfigurational fluctuations (ICF) have been
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used to describe this very interesting state with
nonintegral valence. '
The possibility that interconfigurational fluctu-
ations in compounds with nonintegral valence can
be probed by electron-spin-resonance (ESR)
measurements of Gd" has been suggested by var-
ious authors with, however, conflicting conclu-
sions."Gambke, Elschner, and Hirst, ' based
on their ESR of Gd in the ICF system CePd„have
suggested that ICF state acts to reduce the Gd
relaxation rate with respect to that in non-ICF
system. Heinrich and Meyer, ' however, have
observed the opposite phenomena in CeBe»-.Qd.
These authors have noticed, also, a significantly
large spin-flip relaxation rate for the conduction
electrons in CeBe».Gd which they attribute to the
ICF state of CeBe». ' Certainly a critical check
of these conflicting ideas requires a system in
which the valence can be changed continuously.
Motivated by this fact, we have carried out a lat-
tice-constant study and ESR measurements of
Nd" in the cubic C15 compounds Ce(Ir„Os, „),
and Ce(Pt„Ir, „),(0 (x (1).
The elements Os, Ir, and Pt are 5d metals be-
longing to group VIII of the periodic table. It was
hoped; therefore, that some of the physical prop-
erties and especially the valence of the Ce might
be changed in a systematic manner from Ceos,
via CeIr, to CePt, . Indeed, CePt, is a magnetic
compound (T, =—2 K)' and the valence of the Ce is
very close to 3+; Ceos, is nonmagnetic and the
Ce valence is believed to be close to 4+.' As for
CeIr„ the situation is far from being clear. This
compound is nonmagnetic with a Pauli paramag-
netism which is only slightly larger than that of
Ceos, .' However, recent x-ray-edge studies'
have indicated that the x-ray-edge spectra of
CeIr, is very similar to that of the intermediate-
valence compound CePd, but differs from the
edge spectra of the quadrivalent insulator Ceo,
or CeNi, . Furthermore, ESR study of Nd and Gd
in CeIr," reveals giant thermal broadening which
could not be explained by band-structure effects
and may be attributed to the IV state of CeIr, .
Additional evidence for CeIr, being a IV compound
is provided by the Ce ionic radii of various Ce
cubic compounds given in the paper of Sereni,
Olcese, and Rizzuto. ' It has been demonstrated'
by them that the Ce atomic radii of CeIr, is inter-
mediate to that of CeRu, (superconducting) and
CePt, (magnetic). One expects, therefore, that by
mixing CePt, and CeIr, or CeIr, and Ceos, the va-
lence can be changed in a controlled manner. Such
valence changes induced by alloying have been ob-
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FIG. l. (a) Lattice parameter, u, of the mixtures
Ce(lr„Os& „)2 and Ce(pt„lr| „)~ (cIosed circ1es) at
room temperature. The solid line connecting the data
points in (a) is a guide to the eye. For comparison
the lattice constants of the analogous La and Pr mix-
tures are shown by the dashed-dotted lines in the same
figure. The lattice parameters of LaX2 and PrX, (X
= Os, Ir, Pt) were taken from Compton and Matthias
(Ref. 12). (b) The percentage variation of the lattice
parameter associated with the variation of the Ce ionic
radius as extracted by subtracting the dashed line from
the solid line in Fig. 1(a) (see text). The solid line in
(b) is a guide to the eye.
served recently in the systems CeRh, „Pd,' and
UNi, „Cu„.' If this is indeed the case, then the
systems Ce(Ir„Os, „),and Ce(Pt„Ir, „),doped
with Nd" impurities might be ideal for checking
the above-mentioned ideas concerning the ESR of
ICF systems.
We shall discuss, firstly, the lattice-constant
measurements. These were carried out either
by x-ray difractometer method or by the Debye-
Scherrer method at room temperature without any
differences between the two methods. Figure 1(a)
exhibits the lattice parameters of the systems
Ce(Ir„Os, „),and Ce(Pt„Ir, „),. It indicates that
the lattice constant changes continuously, slightly
decreasing with x for Ce(Ir„Os, „), (0 (x ~1), al-
most constant for Ce(Pt„Ir, „),in the range 0 (x(0.15, and increases significantly towards CePt,
1967
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in the range 0.15&x ~1. The lattice constant of
the system Ce(Pt„Ir, „), is certainly anomalous
and reflects, in our best judgment, a change in
the Ce valence. To estimate the variation of the
lattice constant due to the change of the Ce va-
lence, a comparison with the lattice parameters
of the trivalent La and Pr analogous compounds
is very desirable. In Fig. 1(a) we have plotted
the lattice parameters of the analogous Pr and
La compounds (see dashed-dotted lines). These
dashed-dotted lines were obtained by using the
published data of Compton and Matthias" as well
as Vegard's law. It should be noted that the lat-
tice constants of CeOs„CeIr„and CePt, meas-
ured in the present work are also consistent with
those measured by Compton and Matthias. " As
clearly seen in Fig. 1(a), the lattice parameter
of CePt, falls exactly between those of LaPt, and
PrPt, indicating that indeed Ce in CePt, exhibits
a valence close to 3+. Other supporting evidence
for this conclusion is provided by lattice-param-
eter calculation using a closed-packet model for
CePt, and the atomic radius of Ce'+ from the
table of Sergent-Welch. " This calculation yields
a,(CePt, ) = 7.71 A, very close to the experimental
lattice parameter. The rest of the Laves-phase
mixtures of cerium exhibit significantly smaller
lattice parameter with respect to those expected
theoretically if we assume that Ce has 3+ valence
in all the mixtures [see dashed line in Fig. 1(a)].
This deviation is attributed to valence change as
well as to band-structure effects. The latter ef-
fect can be verified from the concentration de-
pendence of a in the La and Pr mixtures [dashed-
dotted lines in Fig. 1(a)]. Thus, by subtracting
the concentration dependence of the lattice con-
stant of the Pr and La mixtures from our experi-
mental data for the Ce mixtures, one can find
the change in the lattice parameter, Aa, associ-
ated with the change in the Ce ionic radius. The
value of 4a extracted by this procedure is ex-
hibited in Fig. 1(b). As clearly seen, ba increas-
es from CeOs, to CePt, by 10% approximately but
exhibits some anomaly in the vicinity of CeIr, . It
should be mentioned that a change in the lattice
constant of the same order of magnitude (11%)
has been observed in Ce metal corresponding to
a valence change from the magnetic (y phase) to
the nonmagnetic (n' phase). " If one assumes
that a 11% change in the lattice constant corre-
sponds to a change of the Ce atomic radius from
that appropriate to 4+ valence to that of 3+, then
one can estimate the valence of CeQs, to be 3.90
by using a simple linear interpolation method.
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FIG. 2. The ESH linewidth of the central line (after
subtracting the residual width) of CeOs, :Nd (400 ppm;
natural abundance). The solid line is a theoretical fit
to the theory of Hirst (Ref. 14). This fit yields a split-
ting &&2 K between the I'6 ground state and the I'8 first
excited state. The dashed line represents the Korringa
thermal broadening. The inset represents the spectra
of CeOs2..Nd at T = 1.5 K.
The increase of La [Fig. 1(b)] from CeOs, to
CeIr, strongly supports the existence of interme-
diate-valence state for this last compound, al-
though this last feature does not reflect itself in
the measured susceptibility. '
We turn now to discuss our ESR results. We
have used both Nd" and Gd" as probe ions in
the various intermetallic mixtures. However, the
Gd" resonance yields large residual width, which
makes the analysis difficult. In the following, we
shall concentrate mainly on the Nd' ' ESR proper-
ties. The Nd" ion with angular momentum J= p
splits in the cubic crystalline field into one F,
doublet and two I', quarters. Qur measurements
indicate that the I", is the ground state in most of
our hosts except, maybe, for Ce(Pt„Ir, „), in the
concentration range 0.85 & x «1 where no Nd"
resonance associated with 1, ground state could
be detected (but Er and Yb resonances with I',
ground state could be observed). The inset of
Fig. 2 yields ESR spectra of CeOs, :Nd with nat-
urally abundant Nd, as an example. As seen, the
central line corresponding to '"Nd isotope is
surrounded by many hyperf inc satellites appropri-
ate to the '"Nd and '"Nd isotopes. These satel-
lites yield hyperfine constants of A('43Nd) = 204. 4
G and A("'Nd) =126.3 G. To the best of our knowl-
edge the hyperfine spectra in the inset of Fig. 2
represent the best-resolved spectra ever ob-
served in ESR in metals.
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FIG. 3. The initial thermal broadening, AH/AT, and
the ESR g shift for the various Ceor„Os& „)2.Nd and
Ce(Pt„Ir& „)2.Nd mixtures. The dashed lines are guides
to the eye. For comparison, the ESB thermal broad-
ening amI g shifts of Nd in the analogous YX, and LaX2
compounds {X=Ir, Pt) are a1so given.
The ESR linewidth of the central line as a func-
tion of temperature is given in Fig. 2. The ESR
thermal broadening exhibits linear behavior at low
temperatures but shows a deviation from linearity
for T& 7 K. This deviation is attributed to the
presence of a F, excited state at energy splitting
6=112 K according to the model of Hirst. " The
initial thermal broadening LII/b T is 0.7 G/K for
CePs, . The data for the rest of the compounds
was analyzed in the same way. In Fig. 3, we have
plotted the initial thermal broadening ~/~T as
well as the Nd" g shift (measured with respect
to g= 2.667 appropriate to.Nd" F, g value in in-
sulators) for the various Ce(Ir, Os, „),and
Ce(Pt„Ir, „), systems. A striking feature of our
results in Fig. 3 is the dramatic variation of the
ESR thermal broadening and g shift by at least
two orders of magnitude (note that ~/ET =100
G/K for CeIr, but it is only 0.7 G/K for CeOs, ).
This dramatic variation cannot be explained by
band-structure effects or by the variation of the
host susceptibility. Recent ESR study of Gd and
Nd in the non-ICF hosts Y and La compounds
have shown only slight variation in the ESR ther-
mal broadening across the series" (see for ex-
ample, the values of ~/LT and bg for Nd" in
LaIr„YIr„LaPt„and YPt, in Fig. 3). The Gd
g shift across the analogous hosts, however, was
found to change from negative value in LaPs, :Gd
to positive value in LaPt, :Gd being very small in
LaIr, :Gd. This last feature could be explained
very well by band-structure effects. " Clearly,
the situation in the Ce analogous series is differ-
ent and our results in Fig. 3 call for a different
mechanism. The possible existence of interme-
diate valence in some of our compounds provides
some realistic mechanism to explain the ESR
features.
A very attractive model that is frequently used
to describe intermediate-valence systems and
can be used also to describe qualitatively the ESR
features in Fig. 3 is the virtual-bound-state
(VBS) model. (See the review paper of Robinson,
Ref. 1). In this model, the 4f level is bros, dened
by covalent admixture with the conduction elec-
trons to form 4f virtual bound state with 4f densi-
ty of states given by nz(E) =(h/m)t(E-E„)'+ b,'] '.
Here 6 is the VBS width and EF is the Fermi en-
ergy. The ESR properties (~/aT and bg) de-
pend on the density of Ce 4f electrons at the Fer-
mi level, n(E~), as well as on the densities of s
and d electrons, according to a modified Korringa
mechanism. Thus, for magnetic Ce (valence 3+
as in CePt, ), the 4f' level with up spin lies be-
low the Fermi level with a very small overlap
nz(Er) with the Fermi level. In this case no con-
tribution to the ESR properties associated with
the Ce 4f electrons is expected. The decrease of
the lattice constant shifts the Fermi level and is
accompanied by a decrease of E~-EF. In the
limit 6»E4&- EF, n&(EF) =1/rrn and the virtual 4f
state overlaps with the Fermi level. In this case
additional contributions to the ESR properties
are expected because of large density of Ce 4f
states at the Fermi level. Simple arguments' in-
dicate that this additional contribution to ~/AT
and Dg is proportional to (J/b, )' and J/6, re-
spectively; here 4 is the coupling constant be-
tween the Nd" and the fluctuating bath. This con-
tribution might be much larger than the usual
Korringa mechanism due to s, d electrons. This
might be the case appropriate to Ce(Pt„Ir, „),
0 ~x «0.15. Further decrease of the lattice con-
stant shifts the 4f level above the Fermi level,
resulting in a significant reduction of n&(EF). This
might be the CePs, :Nd case. It should be men-
tioned, at this stage, that while the susceptibility
of the system Ce(Pt„Ir, ,), generally increases
with x, ' the ESR properties (Fig. 3) decrease
with x. This indicates that the ESR properties do
not reflect the total host susceptibility but rather
the density of f (and s, d) electrons at the Fermi
1969
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level. It should be stressed, also, that the sus-
ceptibility of the system Ce(Ir„Os, „), is relative-
ly small which is not very "typical to ICF sys-
tems" and somewhat inconsistent with our VBS
picture.
In summary, the lattice-constant study indicates
that mixtures in the vicinity of CeIr, exhibit in-
termediate-valence state of the cerium (Fig. 1).
On the assumption that the Ce 4f state can be
described by a VBS model, the ESR properties
support the idea of intermediate-valence state.
Preliminary susceptibility study is not com-
pletely consistent with this interpretation. This
might indicate that our VBS picture is somewhat
naive and that further experiments like x-ray-
photoemission spectroscopy as well as theory are
needed. Our work clearly indicates, however,
that the narrowing mechanism of Gambke, Elsch-
ner, and Hirst' is not typical to ICF systems.
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Evidence for Bose-Einstein Statistics in an Exciton Gas
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A free-exciton gas is studied as a function of generated particle density in Cu20 at
1.5 K. A line-shape analysis of the subsequent recombination shows a gradual evolution,
from a classical regime at low density, to a highly quantum-statistical one with chemi-
cal potential p, = 0.
PACS numbers: 76.30.Hc, 61.55.Hg
It is well known that in an ideal Bose gas the en-
ergy distribution of the particles obeys the rela-
tion
N(E) =p(E)f(E),
where p(E) =AE'~' is the density of states, f (E)
=(exp[(E —lJ)/KT] —1) ' is the occupation number
of levels of energy E, measured from the lowest
level E =0, and p, is the chemical potential of the
gas, determined by the condition that P~(E) =N, ,
the total number of particles. In usual situations,
the ratio —p/KT»1 and relation (1) is very well
approximated by Maxwell-Boltzmann distribution.
If —p/KT & 2, differences from classical statistics
occur, with a tendency for the particles to accu-
mulate in the states of lowest energy. This quan-
tum attraction effect becomes precipitous if N,
&N, = 6.2 X10"g(m/m, )' 'T' ' (mo, free-electron
mass; m particle mass; g, degeneracy factor),
for which p, = 0, giving rise to a phase transition
with a macroscopic occupation of a single quantum
state E =0 [Bose-Einstein condensation (BEC)].
It is generally admitted that BEC is the physical
origin of the spectacular properties of 'He below
the A. point although an interpretation using the
ideal Bose gas as a starting point raises serious
questions, because of the strong interactions be-
tween atoms in liquid helium. It is therefore im-
1970 1980 The American Physical Society
